The efficiency and reliability of pumps are highly related to their operation conditions. The concept of the optimization pump operation conditions is to adjust the operation point of the pump to obtain higher reliability at the cost of lower system efficiency using a joint regulation of valve and frequency convertor. This paper realizes the control of the fluid conveying system based on the optimization results. The system is a nonlinear Multi-Input Multioutput (MIMO) system with time delays. In this paper, the time delays are separated from the system. The delay-free system is linearized using input-output linearization and controlled using a sliding mode method. A modified Smith predictor is used to compensate time delays of the system. The control strategy is validated to be effective on the test bench. The comparison of energy consumption and operation point deviation between conventional speed regulation and the new method is presented.
Introduction
As a key component of fluid conveying systems, pumps are widely used in industries, of which 45% are centrifugal pumps [1] . Pumps account for nearly 20% of electrical energy consumption and are in the range of 25%∼50% of energy consumption in many industries [2] . Therefore energy saving in pumps is one main goal in industries, which requires pumps work in good operation points. Bad operation point leads to a low efficiency and reliability of a pump, causing serious consequences.
Many researchers focused on the energy saving of pump systems. The variable speed pump technology is widely used to reduce energy cost in industries. It varies the rotational speed of centrifugal pumps to accommodate pipeline requirements [3] . According to surveys and researches [4, 5] , speed regulation can save 5%∼50% energy relative to valve regulation. In recent years, the scheduling of pumps has progressed greatly. Wang et al. [6] proposed an enhanced genetic algorithm for pump scheduling in water supply system to reduce the energy cost and slow land subsidence.
Hashemi et al. [7] developed an ant-colony optimization of pumping schedule using variable speed pumps and saved about 10% energy cost compared to single speed pumps. However, few studies on the pump reliability have been conducted so far.
Efficiency and reliability of a centrifugal pump are related to operation point of the pump. Efficiency of a centrifugal pump reaches its peak value at its design point and decreases as its operation point deviates from its design point [8] . Barringer [9] found out that reliability curve is similar to its efficiency curve. Reliability of a pump is a statistics term, which is defined as the mean time between failure (MTBF) relative to the mission time. Reliability of a centrifugal pump reaches a peak value at the Best Efficiency Point (BEP), near its design point, but decreases sharply as operation point deviates from design point, shown in Figure 1 . Thus the operation point plays a decisive role in pump reliability. Long operating time at part load or overload may increase the component failure rate. High temperature rise, suction recirculation, and discharge recirculation may occur in a pump operating at part load, while low sealing life, low bear life, and cavitation may occur in a pump operating at overload, leading to a poor pump efficiency and reliability.
In our previous work [10] , we developed an optimization algorithm to improve centrifugal pump reliability and efficiency for pump systems at the cost of a decline in system efficiency, using throttling valves and a pump number selection strategy to restrict the pump operation point to a neighbourhood of BEP. Compared with conventional speed regulation, one of the key concepts of our previous work [10] is to use a frequency converter to enlarge the BEP to a larger flow rate point and use a valve to enlarge pipeline characteristics to a certain point; therefore the operation point of the pump is limited to the BEP at the cost of increasing energy consumption at the valve. The genetic algorithm in our previous work [10] will calculate the pressure loss across the valve. However, the flow rate and the pressure loss across the valve are coupled, making it difficult to control these two variables simultaneously. In our previous work [10] , the author was concerned with the allocation of flow rate and the pressure loss at the valve but did not mention the way to reach the desired flow rate and pressure loss. Figure 2 shows a comparison of valve regulation, speed regulation, and the new method in our previous work [10] for a typical pump-valve system, where the -axis is the flow rate and the -axis is the head . Supposing the flow rate of the system is to regulate from 0 to 1 , valve regulation changes pipeline characteristics from curve 0 to 1 , resulting in a change of operation point from to , while speed regulation changes pump characteristics from curve 0 to 1 , causing the operation point to change from to . It is clear that valve regulation causes a surplus head ( − ) and thus leads to a significant energy waste, appearing as the shadowed area in Figure 2 . Therefore substituting throttling valve regulations with speed regulations has become a widespread energy saving method [11] . In the case of conventional speed regulation in Figure 2 , the Best Efficiency Point of speed regulation might be located at somewhere (point ) left of the operation point ; therefore the pump is operating at high flow rate point. Compared with conventional speed regulation, one of the key concepts of Wu's method [10] is to use a frequency converter to enlarge the BEP to a larger flow rate point and use a valve to change pipeline characteristics to ; therefore the operation point of the pump is limited to the BEP at the cost of increasing energy consumption at the valve. The genetic algorithm in our previous work [10] will calculate the pressure loss across the valve. However, the flow rate and the pressure loss across the valve are coupled, making it difficult to control these two variables simultaneously. This paper is an inherited work of our previous work [10] and aims at achieving the control of the two variables, flow rate and pressure loss across the valve of the pump-valve system, based on the optimization result of our previous work [10] . To emphasize the impact of valve on the pump operation point, this paper focuses on a one-pump system and gets rid of pump number selection strategy in our previous work [10] . This one-pump system is a special case of the multipump system in our previous work [10] , because it can be regarded as small flow rate situation when only one pump is put into operation. The controlled variables of the pump-valve system are flow rate and the pressure loss across the valve, and the control variables are the pump speed and the valve lift. Since there are time delays in the valve actuator and the flow rate sensor, the pump-valve system is a nonlinear Multi-Input Multioutput (MIMO) system with time delays.
Many progresses have been made in the study of nonlinear MIMO systems during the past half century. The nonlinear MIMO systems with precise model are developed using input-output linearization to convert the nonlinear system into an equivalent linear systems in [12] [13] [14] . The nonlinear system with modelling imprecisions is presented using sliding model control in [13, 14] and adaptive control in [14] . As a simple approach to robust control, the sliding mode control for nonlinear systems with modelling imprecisions is implemented in a wide range of applications, such as electrohydraulic servo-mechanism [15, 16] , electric drives [17] , mechanical systems [18] , and rigid manipulators [19] . During the past two decades, many approaches for uncertain nonlinear MIMO systems have been published. Shaocheng et al. [20] proposed a fuzzy adaptive indirect control for nonlinear MIMO systems with uncertainties using ∞ tracking theory. The disturbances and fuzzy approximation errors are attenuated by a robust compensator to guarantee the robustness. Lin and Chen [21] developed a fuzzy sliding mode control for the nonlinear MIMO systems with uncertainties. Ge and Tee [22] and Chen et al. [23] proposed fuzzy adaptive method for nonlinear MIMO system with time delays. However, the complexity and the model restrictions of fuzzy adaptive method may limit their industrial applications. The time delays of control systems are commonly balanced by Smith predictor which is used in many applications, such as water distribution system [24] and jet engine fuel controls [25] . Many modified Smith predictors have been put into application such as filtered Smith predictor [26] .
In this paper, the time delays of the pump-valve system are isolated from the system, dividing the system into a delayfree system and a time-delay module. The delay-free system is controlled by a sliding mode controller while the time delays are compensated by a modified Smith predictor. This method takes full advantage of the existing imprecise system model and greatly decreases the complexity of the control algorithm compared to fuzzy adaptive method. In Section 2, a test bench composed of one pump and one valve is presented and modelled in state space model. In Section 3, the delayfree system is controlled by a sliding mode controller and the time delays are compensated by a modified Smith predictor. Section 4 presents the simulation result of the controller. The optimization strategy in our previous work [10] and the control strategy in Section 3 are combined and applied on the one-pump system and compared with conventional speed regulation.
System Model
A typical fluid conveying system test bench is built. The bench consists of two parallel installed centrifugal pumps (Etanorm 32-160, rated flow 25 m 3 /h and rated speed 2950 rpm, equipped with a frequency convertor) with manual valves installed at both ends of each pump, two pneumatic control valves (BOA-CVP H), and a water tank. As previously described, only one pump is applied in this paper; the other pump will not be used. The fluid in this study is chosen as water due to easy access and low costs. Water flows from the tank and flows back to the tank after a circulation though the centrifugal pump and the valves. Therefore the test bench can be described as Figures 3(a) and 3(b) , where denotes the centrifugal pump, V denotes the pneumatic control valve, denotes a typical pressure load (represented by the other pneumatic control valve), 1 denotes the pressure sensor that measures the pressure difference across the valve, 1 denotes the flow sensor, and / denotes the tank.
The mathematical model of the system can be developed by applying Bernoulli's principle [27] at entry and exit , as shown in
where denotes the gravitational acceleration, denotes vertical height, V denotes flow velocity, denotes fluid density, denotes fluid pressure, denotes time, ℎ denotes the friction head, and denotes the location along streamline coordinate. The diameter of pipes is constant and the water is considered to be incompressible since the compressibility of liquid is very low [27] ; therefore the flow velocity is independent of the streamline coordinate. Therefore the inertia term in (1) can be simplified to (2) according to [27] 
where denotes the length of the pipe between entry and exit ; denotes the cross-sectional area of the pipe; denotes the flow rate in the pipe; and the overdot denotes its time derivative. The friction term ℎ can be considered as a sum of pressure loss Δ (valve V) and Δ (process load) as well as pressure source Δ (pump ); (1) yields to
Since the entry and the exit are the same tank with small difference in vertical height, therefore it is reasonable to assume = , = , and V = V . Ultimately, (1) can be written as fluid dynamic equation (4) as follows:
The pump performance at rated speed is a quadratic polynomial of flow rate and Δ = 1 2 + 2 + 3 , which can be expanded to (6) at any given speed by applying pump similarity law equation (5) [8] . The pressure loss Δ (valve V) is relevant to installation conditions, fluid type, flow rate , and flow coefficient ( ), where denotes valve lift. In this paper, the fluid is water and the valve is standardly installed, which yields (7) [28] , where
5 Pa. The pressure loss of Δ (process load) is quadratic to flow rate [8] , as shown in (8) as follows:
where 1 , 2 , 3 , 1 , 2 , and 3 are the pump parameters; denotes speed of the pump; denotes the resistance coefficient of the process load . The dynamic response of the pneumatic valve and the frequency convertor can be described as first-order linear systems [29, 30] , as shown iṅ
where and are the time constant of valve actuator and frequency converter and set and set denote the set values of and . According to the aims of the controller, the controlled variables are chosen to be flow rate requirement set and pressure loss Δ set . The pressure loss across the valve Δ set equals the difference of pump head and system required head by the genetic algorithm in our previous work [10] . By applying (6), (7), and (8) to (4) and combining with (9), a state space model of the plant can be derived. The overall state space model can be described by (10) . The system is a nonlinear MIMO system, whose time delays are omitted in (10) due to a comprehensible description:
where ( 1 2   1  2  2  1  2 2 ) = (
As to the real test bench, time delays are observed in the valve actuator and the flow sensor. The time delays cannot be neglected due to the connection with system dynamics. The inputs and outputs of the system can be observed visually from the system model in Figure 4 , where 1 denotes time delay of the valve actuator and 2 denotes time delay of the flow sensor. Since the actuators and the sensors of the systems have different delays, virtual delays 1 = 1 and 2 = 2 are added to the other input-output channels to balance the delays and obtain a synchronization performance of the system outputs.
Controller Design
Considering the pump-valve system is a time-delay system, we isolate the time delays of the system. The system without delays is controlled by a sliding mode controller and the time delays are compensated by a modified Smith predictor.
Control the Delay-Free Model.
By applying Lie-derivative to the delay-free system equation (10) , it is simple to linearize the input-output as
where 1 and 2 are the relative degrees of the system, 1 = 2 and 2 = 1, respectively.
22
) .
The singularity of should be validated. The valve flow coefficient ( ) is monotonically decreasing with valve lift [28] ; therefore its derivative is negative. The pump parameters 1 and 2 are positive; therefore is nonsingular and invertible. By applying Lie bracket to (10), the controllability matrix can be obtained as (17) . It has rank 3; therefore the system is controllable [31] .
The th derivative of output is linearly related to the inputs . By controlling the th derivative of output , the control of the output is achieved. The model described by (10) in this paper yields to two decoupled single-inputsingle-output systems, one two-order (relative degree 1 = 2) system for flow rate and one one-order (relative degree 2 = 1) system for pressure loss across the control valve. It is easier to implement decoupling controller on the linear MIMO system. Since 1 = 2 and 2 = 1, the total relative degree equals the number of states; therefore the system will have no internal dynamics [14] and all the states of the system are observable.
In order to track target signal , define a sliding surface = 0 as (21), where 1 = 1 − 1 and 2 = 2 − 2 are the tracking errors of outputs.
Combining (18), the derivative of can be written aṡ
where
and the coefficients are chosen so that the polynomial in is Hurwitz. In this case, we can simply choose 11 = 1. Choose control law as (24) into (22), we geṫ
which means lim →∞ 1 = 0 and lim →∞ 2 = 0; thus goes to zero in finite time. Once the trajectory reaches the sliding surfaces, it follows that lim →∞ 1 = 0 and lim →∞ 2 = 0. Therefore the tracking performance is achieved.
Choose Lyapunov function as
Therefore the stability of the system is guaranteed. Figure 4 , the time delays of valve actuator 1 and flow sensor 2 as well as the balanced delays 1 and 2 will affect system controllability; thus the delays should be compensated. The most common method to compensate time delays is Smith predictor [32] . The concept of Smith predictor is separating time delays from the system, controlling the delay-free part in an inner loop, and correcting modelling error and disturbance in an outer loop [33] . Since the inner control loop does not contain any time delays, the main controller can obtain a quick response to the system. The time delays of the bench or plant as a whole cannot be taken apart directly, so the model of the bench without time delays is needed for a quick response, which makes Smith predictor a model-based control method. However, the conventional Smith predictor is sensitive to modelling error of the system.
Compensating Time Delays. As illustrated in
To overcome the dependence of modelling accuracy, a modified Smith predictor [34] is applied for the pump-valve system in Figure 4 , as shown in Figure 5 . Compared with conventional Smith predictor, the modified Smith predictor introduces a first-order filter to attenuate the oscillations of the error between the real system and the predicted one. Therefore it can tolerate larger modelling errors, reduce the dependence on model accuracy, and improve the robustness of the system [35] . The first-order filter can be chosen as (27) .
can be chosen as half of the pure time delay [35] ; = 0.5 × ( 1 + 2 ) for both outputs for the model equation (10) since the time delays are balanced.
Therefore the overall control flow chart can be modified as Figure 6 .
Experiment Validation and Analysis
To validate the control method developed in this paper, the experiment is done on the test bench as shown in Figure 3 (24) . The time constants of filters in (27) are chosen as = 0.5 × ( 1 + 2 ) = 0.6 s. The experiment result is shown in Figure 7 . The set point trajectories are chosen as the outputs of the optimization algorithm in our previous work [10] , which are two step signals. It is shown that the actual trajectories converge to the set point trajectories. A step disturbance triggered by decreasing the lift of the pneumatic valve representing pressure load Δ from 60% to 40%, which is very common in industrial applications, is added to the system at = 300 s. The disturbance caused a fluctuation in both Δ and and the fluctuation is soon suppressed in 25 seconds. Therefore the controller is satisfying in tracking performance and antidisturbance performance.
To verify the cooperation of the optimization method in our previous work [10] and the control method in this paper on this one-pump system, a comparison of operation point deviation and power consumption between conventional speed regulation in [3] and the new method in this paper on a low pipeline resistance system at different flow rate requirements is simulated. The results are shown in Figures  8(a) and 8(b) , respectively. The operation point deviation is defined as (28) [10] . The genetic algorithm is applied on the single pump system and its optimization result is used as the input of the controller. The conventional speed regulation does not regulate valve and only regulates the pump speed using a simple PID controller; therefore the operation point is always far away from BEP if the pump is oversized for the system. Since the system in Figure 3 (a) is a closed-loop test rig, the static head for the system curve is very small. In this case, the system curve is a parabolic curve similar to the BEP curve as pump speed varies. Figure 2 gives a qualitative explanation. For the initial operation point , the BEP at operation speed 0 is point . When the operation point changes to point using conventional speed regulation, the BEP becomes point . However, the changes of BEP and operation point are almost equally proportional due to the similarity of the BEP curve and the system curve 0 . Therefore the deviation almost remains constant as the flow varies for the conventional speed regulation.
The new method combines the optimization in our previous work [10] and the controller in this paper, optimizing the operation point and regulating both speed and valve. The new method obtains a wide flow range (15 m 3 /h∼30 m 3 /h) of small operation point deviation (≤20% from BEP). The deviations from the BEPs are clearly decreased at all flow rates for the new method; thus the reliability of the pump is improved. However, the power consumption is higher, due to extra energy consumed at part open control valve compared to conventional speed regulation method. In other words, the overall efficiency of the system is decreased for a better pump reliability. Better operation point cuts down the component failure rate and reduces maintenance cost, while lower system efficiency increases energy cost. If the benefits gained from better pump reliability win over the costs of higher power consumption, it is suitable to apply this strategy to obtain higher reliability. The method is applicable for situation that requires high reliability but is insensitive to power consumption. If the flow rate far exceeds the BEP, the valve consumes a large amount of energy to shrink the operation point deviation. When the energy cost increased exceeds the maintenance cost reduced, it becomes uneconomic for this one-pump system. In this case, it is suggested to substitute the pump to a smaller pump or apply pump number optimization in our previous work [10] .
Conclusion
In this paper, a typical fluid conveying system that consists of one pump and one valve is built to study the control of balancing efficiency and reliability. A control strategy aimed at achieving the control of the pump-valve system based on the optimization result in our previous work [10] is developed. The pump-valve system is a time-delayed nonlinear MIMO system. In this paper, the time delays are isolated from the system to form a delay-free system and a timedelay component. A sliding mode controller is developed to control the delay-free system and the time delays of the system are compensated by a modified Smith predictor. The experiment results show that the controller achieves good tracking performance and robustness. This method takes full advantage of the existing imprecise system model and greatly decreases the complexity of the control algorithm compared to fuzzy adaptive method. 
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A comparison of conventional speed regulation and the method combined with our previous work [10] is conducted. The comparison shows that the method can significantly reduce the operation point deviation at the cost of increasing power consumption. It is clearly shown in the comparison result that the new method sacrifices system efficiency for a better operation point. This paper offers an option to improve reliability of a class of fluid conveying systems, but it is worthwhile to weigh the better operation point against the higher energy consumption.
